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Abstract
We present here the census and characterization of Young Stellar Objects (YSOs) associated
with the active star-forming H II region Sh2–88 with multi-wavelength data situated in the
Vulpecula OB1 association. To understand the extinction properties of the Sh2–88 region, we
generate an extinction map over 20×20 arcminutes using the neighbourhood method of Guter-
muth et al. (2005) from the deep near-infrared HK band photometric archival data of UKIDSS.
We find a sizeable variable extinction over the region up to AV ≃ 11.7 mag, with a median value
of AV ≃ 4.3 mag. The high extinction regions trace the dense filamentary structure, which was
found earlier in the far-infrared and sub-mm data. Following the YSO classification scheme
of Gutermuth et al. (2009), we have identified 74 YSOs in that region using Spitzer–IRAC
data from four mid-infrared bands (3.6, 4.5, 5.8 and 8 µm) and 2MASS near-infrared K-band
(2.16 µm) data. Among 74 YSOs, six are class I and 68 class II objects. Using IPHAS Hα , r,
and i-band photometry, we have identified 41 additional YSOs. Among these 41, four sources
are common with IR excess YSOs. From the spatial distribution of YSOs, it is apparent that
YSOs are primarily distributed over the relatively higher extinction regions of the cloud, and
star-formation activity might be ongoing in those dense parts of the cloud.
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1. Introduction
Giant Molecular Clouds are the main sites of cold and star-forming molecular gas in galax-

ies. These molecular clouds cover a mass range of 102 to 103 M⊙, with sizes ranging from 10
to 100 pc. The average temperatures and densities of these clouds in GMCs are in the range
of 10–30 K and 50–100 cm−3 respectively. Large-scale star formation involves several physical
processes spanning a vast range of physical scales: accretion phases of gas from the intergalac-
tic medium; cooling of the gas to form a cold neutral phase; formation of molecular clouds;
clumps and cores; then to stars from the subsequent contraction of the cores (Kennicutt and
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Figure 1: RGB image of Sh2–88 over 20×20 arcminutes, created using
WISE W2, W3 and W4 bands. The molecular dust clouds are clearly
traced from the mid-infrared images.

Evans, 2012). Most of the massive stars form in the OB association, where the neighbouring
environment of massive stars influences via several feedback mechanisms, e.g., stellar wind,
UV radiation, supernova explosion, etc. (McKee and Ostriker, 2007). The feedback mechanism
may also affect star-formation by clearing away the dust and gas (Walch et al., 2013). H II

regions are emission nebulae created by high ultraviolet radiation from those young and mas-
sive OB stars. The OB stars have the capability to produce the necessary UV radiation (Lyman
photons) to ionize the surrounding hydrogen gas medium and create a spectacular view of H II

region. A massive star plays a vital role to ionize its nearby molecular clouds and to trigger the
formation of stars at the edges of H II regions. The interaction between H II regions may create
a filamentary molecular cloud structure, which may induce the star-formation cores along the
filament axis (Fukuda and Hanawa, 2000; André et al., 2014).

Here we studied a high-mass star-forming region of Sh2–88 in the Vulpecula OB associa-
tion (hereafter Vul OB1), which was first catalogued by Morgan et al. (1953). Vul OB1 contains
three H II regions, namely Sh2–86, Sh2–87, and Sh2–88 (Sharpless, 1959). Sh2–88 (hereafter
S88) is a compact H II region located at the galactic coordinate (l,b) ≃ (61.◦47,0.◦10) at a
distance of about 2.0–2.3 kpc (Billot et al., 2010; Kohno et al., 2022). S88 is excited by an
O8.5V–O9.5V massive star (Deharveng et al., 2005; Cappa et al., 2002). However, the com-
plete census of S88 is not well-studied in the IPHAS optical and Spitzer mid-IR data. The
RGB image of S88, covering 20×20 arcminutes shown in Fig. 1 was created from Wide-field
Infrared Survey Explorer (WISE) W2, W3, and W4 band data, where the molecular dust clouds
are clearly traced from the mid-infrared images.

2. Data Sets
We have used here multi-wavelength data from archival catalogues in the infrared wave-

lengths based on ground as well as space telescope facilities. The near-infrared J- (1.25 µm),
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H- (1.65 µm) and K-band (2.16 µm) photometric data were obtained from the UKIRT Infrared
Deep Sky Survey (UKIDSS) Galactic Plane Survey (Lawrence et al., 2007). The Spitzer–IRAC
mid-IR observations in the 3.6, 4.5, 5.8 and 8 µm bands (IRAC; Fazio et al. (2004)) were
retrieved from the Spitzer archive from the legacy program Galactic Legacy Infrared Mid-
Plane Survey Extraordinaire (GLIMPSE; Benjamin et al. (2003)). The K-band data of the
2MASS Point Source Catalogue (PSC;Skrutskie et al. (2006)) is also used and available with
the GLIMPSE catalogue. A photometric uncertainty of ≤ 0.1 mag (SNR > 10) for all the bands
was considered as a quality criterion for UKIDSS and 2MASS, while it was ≤ 0.2 mag for IRAC
data. We also used data from the INT/WFC Photometric Hα Survey of the Northern Galactic
Plane (IPHAS) archives for our photometric study of S88. IPHAS is an optical photometry sky
survey in the Northern Milky Way in narrow-band Hα (656.8 nm), r (624 nm) and i (774.3 nm)
filter bands using the wide-field camera on the 2.5-m Isaac Newton Telescope (INT) in La Palma
(Drew et al., 2005). The photometric data on those bands were taken from the IPHAS DR2 cat-
alogue (Barentsen et al., 2014). A photometric uncertainty of ≤ 0.1 mag (SNR > 10) for all the
bands was considered as quality criterion for IPHAS.

3. Results and Discussion
3.1. The extinction map

An extinction map traces the dust distribution of the molecular clouds. Following the neigh-
bourhood method of Gutermuth et al. (2005), we have created a spatial grid of size of 5′′× 5′′

over the 20×20 arcminutes target area of S88 at the centre coordinate of RA = 19h 46m 45.7s,
DEC = +25◦12′56′′. We used the deep H- and K-band near-infrared photometry from the
UKIDSS catalogue (Lawrence et al., 2007). The 20 nearest-neighbour sources are selected
around the centre of the grid position, to calculate the mean and standard deviation of the
(H −K) colour for each grid. The 3σ outliers of the mean values of (H −K) for each grid
position are rejected (Panja et al., 2020, 2021, 2022). From the mean (H −K) colour for each
grid position, the extinction in the K-band is estimated from the relationship between the ob-
served and the intrinsic colours (Flaherty et al., 2007a):

AK = 1.82× [(H −K)obs − (H −K)int].

The average intrinsic colour (H −K)int of the background population is taken to be ∼ 0.2 mag
(Flaherty et al., 2007b; Panja et al., 2021, 2022). The value of K-band extinction magnitude AK

is converted to the visual extinction, AV , using AV = AK/0.112 (Rieke and Lebofsky, 1985).
The visual extinction map covering 20× 20 arcminutes around S88 is shown in Fig. 2. The
region shows a variable visual extinction, with a median value of 4.3 mag.

3.2. Young stellar population

Young Stellar Objects (YSOs) show an excess emission at infrared (IR) wavelengths above
the bare photosphere due to thermal emission from their circumstellar dust envelopes. The re-
emission by the cold dust envelope is more efficient at mid-IR wavelengths. Hence, a mid-IR
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Figure 2: (Left) The visual extinction map of S88 over 20 ×
20 arcminutes is displayed here, showing a variable extinction of the re-
gion. The blue dots indicate the positions of YSOs. (Right) Histogram
plot of the region’s extinction values (median: 4.3 mag).

survey of any star-forming region could be a powerful tool to distinguish the young stars with
IR excesses from the foreground and background diskless population. According to evolution-
ary sequence, YSOs are categorized into Class 0, I, II, and III evolutionary stages (Lada and
Wilking, 1984). The IR excesses of YSOs are high in Class 0 and I compared to Class II, while
Class III stars are mostly diskless.

For YSOs classification, we have used data from the four Spitzer–IRAC bands ([3.6], [4.5],
[5.8] and [8.0]) of S88 over the 20× 20 arcminute region. After contamination removal, we
classified the YSOs into Class I and II following Gutermuth et al. (2009), based upon the mid-IR
colour criteria of the four IRAC bands. We found that six sources had mid-IR colours consistent
with Class I, while 43 sources had mid-IR colours consistent with Class II. In the left-hand panel
of Fig. 3, the colour-colour diagram of [3.6]–[4.5] vs. [5.8]–[8.0] is shown; Class I sources are
displayed in red and Class II sources in blue.

Additional YSOs are detected from the dereddened [[3.6]− [4.5]]0 vs. [[K]− [3.6]]0 colour-
colour diagram in the phase 2 classification scheme of Gutermuth et al. (2009) as a few YSOs
are faint and undetected in the longer wavelength [5.8] and [8.0] IRAC bands. The dereddened
[[3.6]− [4.5]0 and [[K]− [3.6]]0 colours are estimated from the extinction of the nearest grid
point for that source. After removing YSOs selected from the four IRAC bands, 25 sources
were found to have colours consistent with Class I. The right-hand panel of Fig. 3 shows the
colour-colour diagram of [[3.6]− [4.5]]0 versus [[K]− [3.6]]0, with Class II sources displayed in
blue. No Class I source was identified in this colour scheme.

Many young low-mass stars show an Hα emission from either chromospheric activity or
circumstellar accretion. The IPHAS survey provides photometry of fainter emission line objects
up to r and i ≤ 20.5, and Hα ≤ 19.5 mag, with a photometric uncertainty of 0.1 mag (Barentsen
et al., 2014). According to the (r− i) versus (r−Hα ) colour-colour criterion of Barentsen et al.
(2014), 41 YSOs are identified as emission line stars (magenta squares); they are most probably
Class II or Class III sources. Among these 41 Hα emitting YSOs, four are also characterized
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Figure 3: (Left) Spitzer–IRAC colour-colour diagram. This diagram
shows the distribution of diskless and field stars (black dots), and
Class II (blue circles) and Class I sources (red circles). (Right) The
dereddened colour-colour diagram of [[3.6] − −[4.5]]0 vs. [[K] −
−[3.6]]0 shows the background and foreground (black dots) as well as
the Class II (blue circle) populations. The source classification scheme
is adapted from Gutermuth et al. (2009).

from IR excesses using IRAC bands. In Fig. 4, 41 sources show (r −Hα ) colours that are
reflecting strong Hα line emitters. By contrast, the field star distribution shows two well-defined
loci of stellar populations, one for the unreddened main sequence and the other for the giant stars
(grey dots). Similar methods are studied previously in several star-forming regions (Dutta et al.,
2015, 2018; Panja et al., 2020, 2021, 2022).

4. Summary and Conclusion
In this work, the census of YSOs in the young star-forming H II region, S88, are reported

using infrared colour excesses from mid-IR Spitzer–IRAC and near-IR 2MASS data, and Hα

emitters from the IPAHS photometric data. The Hα emitters are identified with IPHAS narrow-
band Hα , as well as r- and i-band data. The visual extinction map of the region is generated
using deep UKIDSS H- and K-band data.

• The visual extinction map covering 20× 20 arcminutes around S88 is generated using
deep UKIDSS H and K-band data. We find a sizeable variable extinction over the region
of up to AV ≃ 11.7 mag, with a median value of AV ≃ 4.3 mag. The high extinction
regions trace the dense filamentary structure, which was found earlier in the far-infrared
and sub-mm data.

• Using the four Spitzer IRAC mid-IR bands and 2MASS Ks data, analysis of colour-colour
diagrams are performed, and we have identified six Class I and 68 Class II YSOs.

• From IPHAS photometry data, 41 YSOs are identified as emission line stars. They are
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Figure 4: The magenta squares are YSOs with a spectroscopic Hα

equivalent width (EW) stronger than −10 Å. The solid line shows the
simulated main-sequence (MS) curve at the mean reddening of the clus-
ter; dashed lines show the positions of stars at increasing Hα emission
levels, as predicted by the simulated tracks; grey dots show field stars
in the region.

probably Class II or Class III YSOs. Among these 41 Hα emitting YSOs, four are also
characterized from IR excesses using IRAC bands.
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